The neurons generated at the germinal rhombic lip undergo long distance migration along divergent pathways to settle in widely dispersed locations within the hindbrain, giving rise to cerebellar granule cells and precerebellar nuclei. Neurotrophin-3 (NT-3) signaling has been shown to be required for proper migration and survival of cerebellar granule cells. The molecular bases that govern NT-3 expression within the cerebellum, however, remain unknown at present. Here we report that, during early mouse neurogenesis, the Barhl1 homeobox gene is highly expressed by the rhombic lip and rhombic lip-derived migratory neurons. Its expression is later restricted to cerebellar granule cells and precerebellar neurons extending mossy fibers, two groups of neurons that synaptically connect in the adult cerebellar system. Loss of Barhl1 function causes cerebellar phenotypes with a striking similarity to those of NT-3 conditional null mice, which include attenuated cerebellar foliation as well as defective radial migration and increased apoptotic death of granule cells. Correlating with these defects, we find that NT-3 expression is dramatically downregulated in granule cells of the posterior lobe of Barhl1 Ϫ/Ϫ cerebella. Moreover, in the precerebellar system of Barhl1 Ϫ/Ϫ mice, all five nuclei that project mossy fibers fail to form correctly because of aberrant neuronal migration and elevated apoptosis. These results suggest that Barhl1 plays an essential role in the migration and survival of cerebellar granule cells and precerebellar neurons and functionally link Barhl1 to the NT-3 signaling pathway during cerebellar development.
Introduction
The cerebellum must integrate cortical commands with sensory input information to coordinate motor activities. These commands and information are relayed to the cerebellum via the precerebellar system, which consists of six pairs of bilaterally symmetrical, but topographically separate nuclei: the pontine gray (PGN) and reticulotegmental (RTN) nuclei in the pons, and the vestibular (VN), external cuneate (ECN), lateral reticular (LRN), and inferior olivary (ION) nuclei within the medulla. The neurons in all precerebellar nuclei extend excitatory afferent fibers. However, they give rise to two distinct fiber systems that innervate different target cells in the cerebellum and have different functional roles. The inferior olivary neurons extend climbing fibers that directly innervate Purkinje cells, whereas the neurons in all other precerebellar nuclei form mossy fibers that influence Purkinje cells indirectly through synapses with the granule cells.
During neurogenesis, cerebellar granule cells and precerebellar neurons have been shown to originate from the germinal rhombic lip, a region of incomplete closure of the dorsal neural tube at the fourth ventricle. It is generally thought that the anterior rhombic lip gives rise to cerebellar granule cell progenitors and the posterior rhombic lip to precerebellar neuron precursors (Altman and Bayer, 1987d; Hatten et al., 1997; Wingate and Hatten, 1999; Rodriguez and Dymecki, 2000; Wingate, 2001 ). In the chick, however, the anterior rhombic lip has been shown to contribute a small number of progenitors to the PGN in addition to all cerebellar granule cells (Wingate and Hatten, 1999) . Granule cells migrate over the surface of the cerebellar cortex to form the external granule layer (EGL). After exit from the cell cycle, they then migrate radially into the cerebellar cortex to form the internal granule layer (IGL) . Once generated by the neuroepithelium of the posterior rhombic lip, precerebellar neurons also undergo long distance migration along divergent pathways to settle in discrete precerebellar nuclei in the pons and medulla (Altman and Bayer, 1987a,b,c; Hatten, 2002) .
Although recent molecular genetic studies have identified a number of genes involved in the development of migratory cerebellar and precerebellar neurons (Hatten et al., 1997; Wingate, 2001 ), the molecular mechanisms underlying their migration, differentiation, and maintenance remain largely unknown. Barhl1 is a mammalian homolog of the Drosophila BarH genes, which encode homeodomain transcription factors that are required for normal development of the compound eye and external sensory organs (Kojima et al., 1991; Higashijima et al., 1992a,b; Bulfone et al., 2000; Li et al., 2002) . During mouse embryogenesis, Barhl1 is expressed in the CNS and inner ear hair cells (Bulfone et al., 2000; Li et al., 2002) . Our recent genetargeting study has demonstrated an essential role for Barhl1 in the long-term maintenance of cochlear hair cells (Li et al., 2002) . To understand if Barhl1 also has a role during CNS development, in this work, we analyzed the expression pattern of Barhl1 during CNS development and investigated CNS defects in Barhl1 null mice. We found that Barhl1 displayed a distinct expression pattern in the cerebellar and precerebellar systems. The absence of Barhl1 caused a dramatic downregulation of NT-3 expression in cerebellar granule cells, resulting in attenuated foliation and hypotrophy of the cerebellum, as well as aberrant radial migration and increased death of granule cells. Similarly, it caused anomalous migration and loss of mossy fiber-extending precerebellar neurons. Therefore, our data have uncovered a crucial role for Barhl1 in the control of migration and survival of cerebellar and precerebellar neurons and identified NT-3 as a major Barhl1 downstream gene during cerebellar development.
Materials and Methods
Animals. The Barhl1 knock-out mice were generated previously (Li et al., 2002) and maintained in our laboratory. The stage of mouse embryos was determined by taking the morning when the copulation plug was shown as embryonic day 0.5 (E0.5). All genotypes described were confirmed by PCR (Li et al., 2002) .
Real-time quantitative RT-PCR and Northern blot analysis. Cerebella from five each of P6 Barhl1
ϩ/ϩ , Barhl1 ϩ/Ϫ , Barhl1 Ϫ/Ϫ animals were dissected in RNAlater solution (Ambion, Austin, TX), and total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. RNA was resuspended in RNase-free ddH 2 O and further purified and treated with DNase I using the RNeasy total RNA isolation kit following the manufacturer's instructions (Qiagen, Valencia, CA). QRT-PCR was performed in duplicate for each RNA sample (100 ng) using the QuantiTect SYBR green one-step RT-PCR kit (Qiagen). The following sequence-specific primers were designed using the MacVector software (Accelrys, San Diego, CA): Barhl1, 5Ј-CAAAGTGAAGGAGGAGGGCG-3Ј and 5Ј-GTGTCGGTGAGGTTGAGCGA-3Ј; NT-3, 5Ј-GATTGATGACAAA-CACTGGAAC-3Ј and 5Ј-CACAGGAAGTGTCTATTCGTATC-3Ј; BDNF, 5Ј-CGGGACGGTCACAGTCCTA-3Ј and 5Ј-GGGATTACACTTG-GTCTCGTAGAAATAC-3Ј; and GAPDH, 5Ј-TCACCACCATG-GAGAAGGC-3Ј and 5Ј-GCTAAGCAGTTGGTGGTGCA-3Ј. PCR products were monitored in real time (Mx4000 multiplex quantitative PCR system; Stratagene, La Jolla, CA), and the threshold cycles (Ct) were determined using the Mx4000 software. For each set of primers, a no template control and a no reverse amplification control were included. Postamplification dissociation curves were performed to verify the presence of single amplification product in the absence of DNA contamination. Relative quantities of copy numbers were calculated from known quantities of input copy numbers of cloned Barhl1, NT-3, BDNF, and GAPDH cDNA plasmids using the comparative threshold cycle number of each sample fitted to a seven-point standard curve (r 2 ϭ 0.99) (Overbergh et al., 1999 ). All data were tested for significance using two sample Student's t test with unequal variances. Northern blot analysis was performed according to standard methods.
RNA in situ hybridization. RNA in situ hybridization was performed as previously described (Sciavolino et al., 1997) using digoxigenin-labeled riboprobes prepared following the manufacturer's protocol (Roche Diagnostics, IN). Probes: Barhl1 was a previously isolated mouse cDNA clone (Li et al., 2002) ; NT-3 was a coding segment amplified by RT-PCR from mouse cerebellar RNA; Math1 and NeuroD coding sequences were amplified by PCR from mouse genomic DNA; the human PAX6 plasmid was described by Singh et al. (1998) ; the mouse Netrin-1 by Serafini et al. (1996) , the rat DCC and Neogenin by Keino-Masu et al. (1996) , the rat Unc5h1, Unc5h2 and Unc5h3 by Leonardo et al. (1997) , the mouse EphB2 by Lu et al. (2001) , and the human Ephrin-B2 by Yue et al. (1999) .
␤-Galactosidase staining. ␤-Galactosidase staining was conducted essentially as described Eng et al., 2001) . Briefly, for staining of whole-mount embryos and brains, animals were fixed in 4% paraformaldehyde-PBS at 4°C for 2-12 hr depending on the stages and then rinsed for 20 min in PBS containing 0.02% Nonidet P-40 and 0.01% sodium deoxycholate. Staining was performed overnight either at 30°C or 37°C in PBS buffer containing 0.02% Nonidet P-40, 0.01% sodium deoxycholate, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 0.5 mg/ml X-gal. Some whole-mount-stained embryos were dehydrated in graded ethanol and cleared in 1:2 benzyl alcohol-benzyl benzoate. Section staining was performed following the same procedure as whole-mount staining except that all sections were counterstained with Fast Red (Vector Laboratories, Burlingame, CA).
Generation of polyclonal anti-Barhl1 antibody and immunohistochemistry. DNA fragment corresponding to amino acids 3-92 of the mouse Barhl1 protein was amplified by PCR and inserted into the pGEMEX (Promega, Madison, WI) and pMAL-cR1 (New England Biolabs, Beverly, MA) vectors to express fusion proteins with the bacteriophage T7 gene 10 protein and bacterial maltose-binding protein, respectively. Antibody production and affinity purification were performed as described previously by Xiang et al. (1993 Xiang et al. ( , 1995 .
For immunohistochemistry, cryosections were treated in methanol with 3% of hydrogen peroxide for 3 min to quench endogenous peroxidase activity. After three washes in PBS, they were blocked in 5% of normal goat serum for 1 hr before overnight incubation at 4°C with primary antibodies [anti-Barhl1, 1:10; anti-Brn3a (Xiang et al., 1995) , 1:5; anti-active caspase-3 (BD Pharmingen, San Diego, CA), 1:100]. The sections were then washed in PBS for three times, 7 min each, incubated with biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories) for 1 hr, and subsequently processed using the ABC kit (Vector Laboratories). Color reaction was performed using the NovaRed substrate kit (Vector Laboratories). For double staining, postnatal day 5 (P5) brain sections were first immunostained with the anti-Brn3a antibody, rinsed in PBS for three times, and then stained for ␤-galactosidase activity for 2 hr at 37°C as described above. The labeled sections were dehydrated and mounted with Permount (Fisher Scientific, Springfield, NJ).
Quantitation of neuron number and cell death assay. To quantify the number of neurons in the PGN and RTN, serial coronal sections (16 m) of P100 mouse brains were stained with cresyl violet. Images of the PGN and RTN were then captured using a SPOT digital camera (Diagnostic Instruments Inc., Sterling Heights, MI), and the number of neurons was scored from captured images. Only neurons with a clear nucleus and nucleoli were counted. Every other section was scored, and three or four nuclei were counted for each genotype. All data were tested for significance using two sample Student's t test with unequal variances.
Cell death assay was performed by measuring the expression of the proteolytically activated form of caspase-3 as an indicator of apoptosis (Panchision et al., 2001) . To determine the number of apoptotic cells in the PGN, coronal cryosections from E16.5, P0, P2, and P4 brains were immunostained with an antibody against the active caspase-3 as described above and then counterstained with methyl green. The caspase-3-positive cells were counted in all serial sections of the PGN and a Student's t test was used to determine the significance. Four samples were collected for each genotype. To measure the number of apoptotic cells in the cerebellum, sagittal sections of P8 cerebella were similarly analyzed.
BrdU and DiI labeling. BrdU labeling was performed as described (Borghesani et al., 2002) . Retrograde DiI (1.1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine) labeling was performed essentially as described (Bloch-Gallego et al., 1999) . In brief, P1 brains were dissected out of the skull following fixation of neonates with 4% paraformaldehyde-PBS. Several DiI crystals were then inserted into one of both hemicerebella using a glass pipette tip under a dissection microscope. The DiIinserted brains were incubated in 2% paraformaldehyde-PBS at 37°C for 4 weeks in the dark. They were then rinsed in PBS, embedded in 3% agarose, and cut at a thickness of 100 m with a vibratome. The sections were mounted in Aqua polymount (Polysciences, Warrington, PA) and sealed with nail polish.
Results
Expression pattern of Barhl1 in the cerebellar and precerebellar systems To understand the role of the Barhl1 gene during CNS development, we systemically analyzed its spatial and temporal expression patterns in the mouse. As revealed by RNA in situ hybridization, Barhl1 is prominently expressed in the developing cerebellar and precerebellar systems. From E11.5 to early postnatal stages, strong Barhl1 expression is observed in the rhombic lip as well as in most rhombic lip-derived migratory neurons and hindbrain structures (Fig. 1) . During cerebellar development, Barhl1 expression is first found in the anterior rhombic lip; then in granule cells derived from it, initially located in the EGL and later in the IGL (Fig.  1 A-C,G,H ). In the developing precerebellar system, there is a strong expression of Barhl1 in the posterior rhombic lip at E11.5 (Fig. 1 A) . As development progresses, Barhl1 expression is seen in the anterior extramural migratory stream and its derivative precerebellar nuclei, the PGN and RTN (Fig. 1 B,F ) . Similarly, Barhl1 is abundantly expressed in the posterior extramural migratory stream and its derivative precerebellar nuclei, the VN, LRN, and ECN ( Fig. 1 B,C,H ) . However, Barhl1 does not appear to be expressed in the ION (Fig. 1C) . To examine tissue distribution of the Barhl1 protein, we developed a specific polyclonal anti-Barhl1 antibody (see Materials and Methods) and could show by immunohistochemistry that the Barhl1 protein was also specifically localized to the cerebellar granule cells and precerebellar neurons that extend mossy fibers ( Fig. 1 D,E) (data not shown). Consistent with it being a transcription factor, Barhl1 is nuclear ( Fig. 1 D,E) . Elsewhere in the developing CNS, we found that Barhl1 is expressed in the diencephalon, mesencephalon and neural tube, as described in a previous report ( Fig. 1 A,B ) (Bulfone et al., 2000) .
To further investigate the expression patterns of Barhl1 during cerebellar and precerebellar development, we made use of a lacZ reporter knocked in the Barhl1 locus (Li et al., 2002) . Similar to the inner ear (Li et al., 2002) , our analysis of ␤-galactosidase activity in Barhl1 ϩ/-mice showed that the knock-in lacZ reporter could recapitulate the expression pattern of the endogenous Barhl1 gene in all CNS structures. For instance, ␤-galactosidase staining of whole-mount embryos revealed the same spatial and temporal expression pattern of Barhl1 within the diencephalon, mesencephalon, rhombencephalon, and spinal cord as detected by RNA in situ hybridization (Figs. 1 A, 2A-C). In the developing cerebellar and precerebellar systems, strong ␤-galactosidase activity was observed in the anterior and posterior rhombic lips, granule cells of the EGL and IGL, anterior and posterior extramural migratory streams, and all neurons within the PGN, RTN, VN, LRN, and ECN ( Fig. 2 B,D-I ). Thus, the knock-in lacZ reporter confirms a strong Barhl1 expression in cerebellar granule cells and precerebellar neurons, suggesting that Barhl1 may play an important developmental role in these neurons.
Although all neurons that project climbing fibers within the ION also originate from the posterior rhombic lip, no Barhl1 expression was observed in this nucleus and the intramural migratory stream throughout CNS development by in situ hybridization, immunohistochemistry or the lacZ reporter, indicating a specificity of Barhl1 to mossy fiber-extending neurons. To further demonstrate this specificity, we double-stained P6 Barhl1 ϩ/-medullary sections for ␤-galactosidase activity and Brn3a immunoreactivity, a marker for ION neurons (McEvilly et al., 1996; Xiang et al., 1996) . We found that none of the Barhl1-expressing cells (␤-gal ϩ ) overlapped with any inferior olivary neurons (Brn3a ϩ ) (Fig. 2 J) . Therefore, within the precerebellar system, Barhl1 transcript and protein are exclusively expressed in nuclei whose neurons make mossy fiber projections to cerebellar granule cells, where Barhl1 is also prevalently expressed (Fig. 2 K) .
Defects in migration and survival of Barhl1
Ϫ/Ϫ cerebellar granule cells Given the strong expression of Barhl1 in granule cells of the developing cerebellum, we asked whether the absence of Barhl1 would cause any cerebellar abnormalities. We first examined the gross morphology of cerebella in Barhl1 wild-type and null mutant mice at P23 and P63, when all external granule cells had migrated into the IGL (Hatten et al., 1997) . At P23, although all Barhl1 ϩ/ϩ cerebella (10 of 10) displayed a normal foliation pattern (Fig. 3A,C) , the vermis lobule VII and the intercrural fissure that separates it from lobule VI were absent from most of Barhl1 Ϫ/Ϫ cerebella (12 of 16) (Fig. 3B,D) . A much smaller portion of Barhl1 ϩ/-cerebella (6 of 20) exhibited a similar foliation anomaly. In addition to the foliation abnormality, we found that all Barhl1
-/-cerebella exhibited hypotrophy with a visible reduction in their overall size compared to those of Barhl1 ϩ/ϩ cerebella (Fig. 3A,B) . To determine the cellular basis of size reduction of the mutant cerebellum, we measured apoptotic cell death by assaying for the active caspase-3 immunoreactivity in P8 control and null mice. In lobule VI, a 42% increase in the density of apoptotic cells was observed within the IGL of Barhl1 Ϫ/Ϫ cerebella (wild-type mean Ϯ SD, 100.8 Ϯ 11.9 cells/mm 2 , n ϭ 3; mutant, 143.2 Ϯ 33.2 cells/mm 2 , n ϭ 3). Interestingly, the cerebellar phenotypes observed in Barhl1 null mice, including the lack of vermis lobule VII, hypotrophy and increased granule cell death, most closely resemble those present in the cerebella of NT-3 (neurotrophin-3) and BDNF (brain-derived neurotrophic factor) null mice (Schwartz et al., 1997; Bates et al., 1999; Borghesani et al., 2002; Carter et al., 2003) .
We used the knock-in lacZ as a marker to follow the generation, differentiation, and migration of cerebellar granule cells in developing Barhl1
-/-mice. During embryogenesis and early postnatal development, lacZ-positive cells were abundantly present in the EGL of both Barhl1 ϩ/Ϫ and Barhl1 Ϫ/Ϫ animals ( Fig. 3E,F ) . By P6 in Barhl1 Ϫ/Ϫ cerebella, similar to those of heterozygotes, numerous lacZ-positive granule cells already migrated into the IGL, whereas many lacZ-positive cells, apparently radially migrating granule cells, were also seen within the molecular layer (Fig.  3E,F ) . By P19 in the Barhl1 ϩ/Ϫ cerebellum, all lacZ-positive cells were located in the IGL, and the molecular layer and its surface were free of any lacZ-positive cells (Fig. 3G) . By contrast, in the mutant cerebellum, many lacZ-positive cells were still present on the surface although the molecular layer was free of lacZ-positive cells (Fig. 3H ). This phenomenon was observed most prevalently in the posterior lobe, indicating a regional specificity. By cresyl violet staining of cerebellar sections, we found that P100 Barhl1 -/-mice formed a rather normal laminar cerebellar structure containing granule, Purkinje and molecular layers; however, many clusters of granule cells in the posterior lobe stalled and formed ectopias on the surface of the cerebellum (Fig. 3I,J ) . Therefore, the majority of granule cells appear to be generated in the Barhl1 -/-cerebellum, being able to differentiate and migrate; however, a small fraction of granule cells may fail to initiate radial migration.
To examine more directly whether the ectopic granule cells resulted from migration defects in Barhl1 null cerebella, we pulse-labeled a cohort of granule cells in P9 wild-type and mutant animals with BrdU and monitored their migration for an 8 d period ( Fig. 3K-P) . In mutant cerebella, fewer cells appeared to have migrated into the IGL by 2 d after BrdU labeling, and more BrdU ϩ cells were seen within the EGL at 3 d after BrdU labeling ( Fig. 3K-N ) . By 8 d after BrdU labeling, however, the great majority of BrdU ϩ cells had migrated into the IGL in both wild-type and mutant cerebella ( Fig. 3O,P) , indicating that some mutant granule cells were delayed for migration from the EGL. Interestingly, a minor number of BrdU ϩ cells in Barhl1 Ϫ/Ϫ cerebella were still retained within some superficial ectopias even 8 d after BrdU labeling (Fig. 3P) , suggesting that the dislocated granule cells in adult mutants resulted from a failure for some granule cells to initiate radial migration. Consistent with this notion, the ectopic cells in Barhl1 Ϫ/Ϫ cerebella were not caused by persistent proliferation of some progenitor cells because none of them could be labeled by a pulse of BrdU at P30 (data not shown).
Downregulation of NT-3 expression in cerebella of
Barhl1 mutants Given the similar cerebellar phenotypes present between Barhl1 and NT-3 or BDNF mutant mice (Schwartz et al., 1997; Bates et al., 1999; Borghesani et al., 2002; Carter et al., 2003) , we investigated whether loss of Barhl1 function would affect NT-3 and BDNF expression in the cerebellum. Compared with the wildtype, Northern blot analysis showed a substantial reduction of NT-3 mRNA levels in cerebella of P6 Barhl1 Ϫ/Ϫ and Barhl1 ϩ/-animals (Fig. 4 A) . To confirm this observation, we performed real-time quantitative RT-PCR, using total RNA isolated from P6 Barhl1 ϩ/ϩ , Barhl1 ϩ/Ϫ , and Barhl1 Ϫ/Ϫ cerebella. In Barhl1 ϩ/Ϫ and Figure 2 . Expression of the lacZ reporter during CNS development in Barhl1 ϩ/Ϫ mice. A-I, ␤-galactosidase activity was visualized by X-gal staining in whole-mount embryos ( A-C) and in brain sections from various stages counterstained with Fast Red ( D-I) . The embryo in C was cleared in benzyl alcohol-benzyl benzoate after X-gal staining. lacZ was expressed in two small stripes (indicated by arrows in A) within the diencephalon at E10.5. Its expression in the neural tube was seen in the dorsal tip at E11.5 ( B), but localized in two symmetric lateral columns in the middle of the spinal cord (its thickness is indicated in C) at E14.5. Within the cerebellar and precerebellar systems, strong ␤-galactosidase activity was found in the rhombic lip, the external granule cells of the cerebellum, anterior and posterior extramural migratory streams, and all precerebellar neurons extending mossy fibers ( D-I). J, A medullary section from a P6 Barhl1 ϩ/Ϫ pup was double-stained with X-gal and an anti-Brn3a antibody. lacZ-expressing cells (blue) were restricted in lateral reticular and vestibular nuclei, which did not overlap with those that expressed Brn3a (brown) in the inferior olivary nucleus. The inset indicates that all 
Barhl1
Ϫ/Ϫ cerebella, we found that NT-3 mRNA levels were reduced to ϳ70 and 50% of wild-type levels, respectively (Fig.  4 B) . As a control, however, GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA levels were not altered in cerebella of any of the three different genotypes (Fig. 4 B) . Consistent with a null mutation, no Barhl1 mRNA was detected in the Barhl1 -/-cerebellum and ϳ50% of wild-type levels of Barhl1 mRNA was present in the Barhl1 ϩ/-cerebellum (Fig.  4 B) . Contrary to the significant downregulation of NT-3 expression, however, real-time RT-PCR did not detect any change in BDNF expression levels in Barhl1 mutant cerebella (Fig. 4 B) , indicating a lack of regulation of BDNF by Barhl1.
In the postnatal cerebellum, NT-3 expression has been demonstrated to display a regional specificity; high levels of expression are found only in granule cells of the posterior lobe (Tojo et al., 1995) . In agreement, as observed in P6 cerebellar sections hybridized with a specific NT-3 riboprobe, there was prominent expression of NT-3 mRNA in granule cells of the IGL within the posterior lobe of wild-type cerebella (Fig. 4C) . By contrast, this high level of NT-3 expression was nearly abolished in the posterior lobe of Barhl1 Ϫ/Ϫ cerebella (Fig. 4 D) , indicating that in Barhl1 Ϫ/Ϫ cerebella the twofold overall reduction in NT-3 mRNA levels results primarily from a drastic downregulation of NT-3 expression in the posterior lobe.
It has been shown that Math1, NeuroD, Pax6, netrin-1 signaling, and ephrin-B signaling all play a role in the determination, migration, or maintenance of cerebellar granule cells (Serafini et al., 1996; BenArie et al., 1997; Fazeli et al., 1997; Przyborski et al., 1998; Bloch-Gallego et al., 1999; Engelkamp et al., 1999; Miyata et al., 1999; Alcantara et al., 2000; Goldowitz et al., 2000; Lu et al., 2001; Yamasaki et al., 2001 ). We thus investigated by RNA in situ hybridization whether loss of Barhl1 function would affect the expression of these molecules. We found that Math1, NeuroD, Pax6, DCC, neogenin, Unc5h2, Unc5h3, EphB2, were all essentially normally expressed in cerebellar granule cells of Barhl1 null animals (Fig. 4 E-N ) (data not shown), suggesting that Barhl1 may not regulate multiple signaling pathways in the control of granule cell migration and survival.
Defects in migration and survival of Barhl1

Ϫ/Ϫ precerebellar neurons
To analyze defects in the precerebellar system of Barhl1 Ϫ/Ϫ mice, we followed destinations of lacZ-positive cells in all precerebellar nuclei of embryonic and postnatal animals. At P5 and P19, ␤-galactosidase staining of whole-mount brains revealed that the mutant PGN became aberrantly narrow while the mutant LRN was dramatically reduced in size (Fig. 5A,B) . Consistent with this observation, as analyzed in coronal sections, the ECN, LRN, and VN, which were derived from the posterior extramural migratory stream, were all substantially diminished in size in Barhl1 Ϫ/Ϫ mice (Fig. 5C,D,G,H ) . Moreover, their neurons tended to be more scattered than in the control (Fig. 5A-D,G,H ) . In the Barhl1 ϩ/Ϫ brain, neurons from the anterior extramural migratory stream gave rise to two symmetrical and separate RTNs (Fig.  5E) ; however, they appeared to intermingle to form a single nucleus with a greatly reduced size in the Barhl1 Ϫ/Ϫ pons (Fig. 5F ). Thus, the absence of Barhl1 appeared to cause improper migration and significant loss of neurons within all precerebellar nuclei that project mossy fibers. Consistent with the absence of Barhl1 expression in the ION, however, no abnormality in ION laminar structure and size was observed in Barhl1 Ϫ/Ϫ mice (data not shown).
A more detailed analysis of the mutant PGN was performed to better understand precerebellar abnormalities of Barhl1 null 
-gal ( E-H) or cresyl violet (I, J ). Compared with the wild-type and heterozygote, many clusters of granule cells (indicated by black arrows) get stuck on the surface of the mutant cerebellum at P19 and P100 ( G-J). The arrowheads point to migrating granule cells in the molecular layer (E, F ). K-P, Dividing granule cells in wild-type and Barhl1
Ϫ/Ϫ littermates were pulse-labeled at P9 by BrdU and then visualized by BrdU immunohistochemistry (red) along with a weak DAPI counterstain at the indicated times after injection. All images were taken from lobules VI and VII. In the mutant, there are fewer BrdU mice. At P19, ␤-galactosidase staining of Barhl1 ϩ/Ϫ wholemount brains revealed two large peach-shaped clusters of lacZexpressing cells that were symmetrically located medioventrally in the pons. Whereas in Barhl1 Ϫ/Ϫ mice, these clusters essentially became two narrow strips, significantly elongated laterally (Fig.  6 A,B) . Moreover, although there was a clear midline that was free of lacZ-expressing cells between the two PGNs in the Barhl1 ϩ/Ϫ brain, the midline was barely seen in the Barhl1 Ϫ/Ϫ brain ( Fig.  6 A,B) . These defects were also evident in null mutants at early postnatal stages (Fig. 6C-F ) , indicating that many PGN neurons fail to migrate into their proper positions in the absence of Barhl1. Similar to other mossy fiber-extending nuclei, we also noted a great size reduction of the Barhl1 Ϫ/Ϫ PGN, by comparing brain sections from control and mutant mice labeled by ␤-galactosidase activity or cresyl violet (Fig. 6 E-H ) . At P100, a quantitation of neurons showed a 70% decrease in the total number of neurons present in the Barhl1 Ϫ/Ϫ PGN compared with the control Barhl1 ϩ/Ϫ nucleus (Fig. 6 I) . Similarly, a 70% reduction was also observed in the total number of neurons within the Barhl1 Ϫ/Ϫ RTN (Fig. 6 I) , demonstrating a dramatic loss of neurons in the PGN and RTN of Barhl1 Ϫ/Ϫ mice. To determine the mechanism that led to neuron reduction in the mutant PGN, we measured apoptotic cell death in control and null mice during embryonic and postnatal stages (Fig. 7) . As visualized by immunoreactivity for the active caspase-3, there was a very low level of apoptotic cell death in the Barhl1 ϩ/Ϫ PGN at E16.5 and P2 (Fig. 7A,C) . In the Barhl1 Ϫ/Ϫ PGN, there was a similar low level of apoptotic cell death at E16.5 but a greatly elevated cell death at P2 (Fig. 7B,D) . By quantitation, we found that although there was no difference in the number of neurons undergoing apoptosis in the PGN between control and null mutants at E16.5 and P0, the number of neurons undergoing apoptosis in the mutant increased ϳ700% at P2 and ϳ70% at P4 (Fig. 7E) . Therefore, most of the neuron loss in the Barhl1 Ϫ/Ϫ PGN occurred via apoptosis during early postnatal stages. Consistent with this observation, the mutant PGN is already greatly reduced in size as early as P5-P6 (Figs. 5A,  6 E,F ) .
Formation and pathfinding of mossy fibers are not altered in Barhl1
Ϫ/Ϫ cerebellar and precerebellar systems Given the strong expression of Barhl1 in granule cells and mossy fiber-extending neurons in the developing cerebellar and precerebellar systems, we investigated whether loss of Barhl1 function had any effect on the formation and navigation of mossy fibers. To visualize and trace mossy fiber projections to the cerebella of Barhl1 Ϫ/Ϫ mice, we unilaterally inserted DiI crystals in hemispheres of P1 control and mutant cerebella. In the medulla of control and null mice, we found that neurons within the VN and LRN were ipsilaterally labeled, whereas those within the ION were contralaterally labeled without significant difference between the two genotypes ( Fig. 8 A-D) . Similarly, unilateral retrograde tracing primarily labeled contralateral pontocerebellar fiber bundles in both control and null mice (Fig. 8 E,F ) . Thus, the absence of Barhl1 does not appear to affect the formation and guidance of cerebellar mossy fibers.
Discussion
The experiments described in this report aimed to investigate the expression pattern and biological function of Barhl1 during CNS development. We provide evidence to show that Barhl1 is strongly expressed within the rhombic lip and rhombic lipderived migratory neurons in developing cerebellar and precerebellar systems. Its expression is later confined to cerebellar granule cells and precerebellar neurons extending mossy fibers, two groups of neurons that synaptically connect in the adult. Targeted disruption of Barhl1 in mice results in attenuated foliation and hypotrophy of the cerebellum caused by deficiencies in radial migration and survival of granule cells. Moreover, it causes inappropriate migration of mossy fiber-extending precerebellar neurons and a dramatic loss of these neurons by apoptotic cell death. Notably, a search of candidate Barhl1 downstream genes in the cerebellum has identified NT-3, whose expression is greatly downregulated by the absence of Barhl1 in the posterior cerebellar lobe and which has been shown to be required for radial migration and survival of cerebellar granule cells. Thus, our data together reveal a key role for Barhl1 in the control of migration and survival of cerebellar and precerebellar neurons and identify NT-3 as a major downstream gene that mediates the crucial function of Barhl1 during cerebellar development. 
Barhl1 is expressed in migratory cells fated to become cerebellar granule cells and precerebellar neurons extending mossy fibers
During murine embryogenesis, cerebellar granule cells and precerebellar neurons are all derived from the germinal rhombic lip. The anterior rhombic lip gives rise to cerebellar granule cells while the posterior rhombic lip to precerebellar neurons. RNA in situ hybridization and ␤-galactosidase staining of Barhl1 ϩ/Ϫ embryos and sections indicate that Barhl1 is expressed within both anterior and posterior rhombic lips in early embryos, in migratory cells generated by rhombic lips, as well as in their descending cerebellar granule cells and precerebellar neurons. Therefore, Barhl1 may be involved in the determination, differentiation, and/or maintenance of cerebellar and precerebellar neurons because it is expressed by progenitor cells as well as by differentiating and differentiated neurons in the developing cerebellar and precerebellar systems. Indeed, our data have demonstrated that Barhl1 is required for the migration and survival of cerebellar and precerebellar neurons. However, it appears to be dispensable for their fate determination as cerebellar granule cells and precerebellar neurons are both produced and largely differentiated in Barhl1 null mice, as indicated by ␤-galactosidase staining, histochemical labeling, retrograde DiI tracing, as well as marker gene expression (Figs. 3-8 ). In the inner ear, we have shown previously that Barhl1 is similarly not required for fate commitment of sensory hair cells (Li et al., 2002) .
In the precerebellar system, neurons extending mossy fibers or climbing fibers not only have different innervation targets but they also follow distinct migration pathways to reach discrete precerebellar nuclei during development. Cells of extramural migratory streams take either an anteroventral subpial route to settle in the PGN and RTN (Altman and Bayer, 1987a) , or a posteroventral subpial path to settle in the VN, LRN, and ECN (Altman and Bayer, 1987b; Rodriguez and Dymecki, 2000) . All neurons in the ION that project climbing fibers, in contrast, are derived from migratory cells following an intramural circumferential migration path (Altman and Bayer, 1987c) . Interestingly, Barhl1 is found only in precerebellar neurons extending mossy fibers where it regulates their migration and survival. Because the onset of Barhl1 expression is seen in rhombic lips and migratory streams before cell migration even takes place (Figs. 1, 2) , we identify Barhl1 as an early marker for mossy fiber-extending precerebellar neurons. Similarly, a fate-mapping study has shown that Wnt-1 expression demarcates a progenitor pool that gives rise only to precerebellar neurons that extend mossy fibers (Rodriguez and Dymecki, 2000) . In contrast, the two closely related POU domain transcription factors Brn3a and Brn3b are expressed only in cells of the intramural migratory stream and ION (McEvilly et al., 1996; Xiang et al., 1996) . The absence of Brn3a in mice has been shown to result in disorganization and loss of several component units of the ION, suggesting a role for Brn3a in the migration and/or survival of neurons extending climbing fibers (McEvilly et al., 1996; Xiang et al., 1996) .
Barhl1 controls radial migration and survival of cerebellar granule cells by regulation of NT-3 expression
In the cerebellum, we have uncovered a critical role of Barhl1 in the control of granule cell migration. Our BrdU labeling and tracing experiments have revealed that there is a delay in migration of some granule cells out of the EGL in Barhl1 null cerebella. This defect is similar to but milder than that in mice deficient for BDNF or the peroxisome assembly gene PEX2 (Schwartz et al., 1997; Borghesani et al., 2002; Faust, 2003) . Given ectopias of granule cells are found only on the surface but not within the molecular layer of adult Barhl1 Ϫ/Ϫ cerebella, we propose that Barhl1 is additionally involved in the initial step of radial migration of a small fraction of granule cells. In agreement with this speculation, we are able to show that ectopic cells in adult mutants are nonproliferative and that some granule cells fail to exit EGL even 8 d after BrdU labeling (Fig. 3P) . Because the large majority of granule cells are still normally located within the IGL in the mutant cerebellum, in addition to Barhl1, there must be other regulatory factors involved in the initial step of radial migration. A most likely candidate is the other Barhl family member, Barhl2/MBH1 (Saito et al., 1998; Bulfone et al., 2000) , which we have shown to be expressed in cerebellar granule cells and thus may play a redundant role (Mo et al., 2004) .
Barhl1 is a homeoprotein that most likely exerts its function by transcriptionally regulating the expression of its target genes. Our work has identified NT-3 as a major effector gene directly or indirectly regulated by Barhl1 during cerebellar development. Analysis of the 5Ј-flanking sequence of NT-3 reveals at least two potential Barhl1 binding sites containing CTAATTG. In the developing cerebellum, NT-3 is prominently expressed in the IGL and within the premigratory zone of the EGL in the posterior lobe at early postnatal stages when Barhl1 is also highly expressed (Rocamora et al., 1993; Tojo et al., 1995) . Administration of exogenous NT-3 in vivo has been shown to promote granule cell migration and survival, whereas depletion of the endogenous NT-3 has the opposite effect (Neveu and Arenas, 1996; Doughty et al., 1998; Katoh-Semba et al., 2000) . By conditional gene targeting, it has been demonstrated that NT-3 acts as a survival factor for a subset of cerebellar granule cells (Bates et al., 1999) . As well, analysis of mice deficient for neurotrophin receptors including the NT-3 receptor TrkC has uncovered a critical role for NT-3 signaling in radial migration and survival of granule cells (Minichiello and Klein, 1996) . Thus, the delay and failure for some granule cells to initiate radial migration in Barhl1 null cerebella can be attributed to the significant downregulation of NT-3 expression. Similarly, the substantial size reduction of Barhl1 null cerebella by apoptosis appears to result from NT-3 downregulation because apoptotic death of granule cells is also increased in mice deficient for NT-3 or TrkC (Minichiello and Klein, 1996; Bates et al., 1999) . Notably, loss of Barhl1 function almost abrogates the high-level NT-3 expression in the posterior lobe of the cerebellum including lobules VI and VII (Fig. 4C,D) , where foliation pattern is specifically disrupted in the mutant. Thus, although the overall level of NT-3 expression is downregulated only by 50% in Barhl1 null cerebella, the dramatic regionspecific downregulation of NT-3 expression is expected and has been observed to cause more severe phenotypes in Barhl1 null mice than in NT-3 heterozygotes.
In Barhl1 null cerebella, we observed a loss of folium VII and the intercrural fissure, defective radial migration of granule cells as well as a reduction of the cerebellar size caused by elevated apoptotic death of granule cells. These phenotypes closely mimic the cerebellar phenotypes present in NT-3 and BDNF null mice as well as in a rat model of hypothyroidism that causes great downregulation of cerebellar NT-3 and BDNF expression (Neveu and Arenas, 1996; Schwartz et al., 1997; Bates et al., 1999; Borghesani et al., 2002; Carter et al., 2003) . The cerebellar phenotypes of Barhl1 null mice also display some similarities to those present in mice deficient for PEX2, the orphan receptor gene rev-erbA␣, or the putative glycosyltransferase gene Large (Chomez et al., 2000; Holzfeind et al., 2002; Faust, 2003) . However, we could not detect by real-time RT-PCR any alteration in expression levels of BDNF, PEX2, rev-erbA␣, or Large in Barhl1 null cerebella (Fig. 4 B) (data not shown), suggesting that the major functions of Barhl1 during cerebellar development may be mediated by NT-3. In addition, consistent with this notion, the absence of Barhl1 does not appear to affect the expression of netrin-1 or ephrin-B signaling molecules which have been implicated in the control of directional migration of cerebellar granule cells (Alcantara et al., 2000; Lu et al., 2001 ). Despite our demonstration of the regulation of NT-3 expression by Barhl1, the expression of NT-3, like many other genes, appear to be controlled by multiple signaling pathways. For instance, its expression has been shown to be regulated by the thyroid hormone, BDNF and MEF2 (Neveu and Arenas, 1996; Shalizi et al., 2003) .
At present, the transcriptional cascade that controls cerebellar granule cell development remains largely unknown. Our study implicates Barhl1 as a key regulator in the cascade that controls proper migration and survival of granule cells. Math1 is expressed in the rhombic lip as early as E9.5 before the onset of Barhl1 expression (Akazawa et al., 1995; Ben-Arie et al., 1996 Helms and Johnson, 1998; Helms al., 2000) , and has been shown to be required for the specification of cerebellar granule cells (Ben-Arie et al., 1997; Helms et al., 2001) . In this work, we show that the expression of Math1 is not altered in Barhl1 either Barhl1 or Pax6 function causes defects in granule cell migration (Engelkamp et al., 1999; Yamasaki et al., 2001) , and (3) Barhl1 and Pax6 share very similar spatial and temporal expression patterns in the developing and mature granule cells (Engelkamp et al., 1999; Yamasaki et al., 2001 ). The epistatic relationship between Barhl1 and NeuroD, however, is less clear because NeuroD is expressed late in development only in postmitotic granule cells and yet its expression is not altered in Barhl1 Ϫ/Ϫ cerebella (Miyata et al., 1999) .
Barhl1 controls migration and survival of mossy fiberextending precerebellar neurons The differentiation of precerebellar neurons is characterized by their lengthy migration to settle into their remote target sites in the pons and medulla. Our current work suggests that Barhl1 plays a major role in the programmed migration of mossy fiberextending neurons derived from the extramural migratory streams. In particular, Barhl1 appears to be involved in the final stage of the migration program for fine positioning neurons migrating into target precerebellar nuclei, because most, or perhaps all of mossy fiber-extending neurons in Barhl1 null mutants can reach the proximity of their target sites but many fail to migrate within the target nuclei. Thus, in the absence of Barhl1, many mossy fiber-extending neurons may fail to respond to local attractive and/or repulsive guidance cues necessary for migration into a proper position. Such a failure can readily explain the elongated PGN or fused RTN in the mutant (Figs. 5, 6 ). Similar to Barhl1, Pax6 has been shown to play a key role in the control of programmed migration of the precerebellar neurons, however, unlike Barhl1, Pax6 appears to be required for the initiation of their migration (Engelkamp et al., 1999) . In Pax6 null mice, migration defects of precerebellar neurons lead to an enlarged lower rhombic lip, dramatically reduced PGN, and severely disorganized ECN and LRN (Engelkamp et al., 1999) . Aside from its role in migration, Barhl1 plays an essential role in the maintenance of precerebellar neurons that project mossy fibers. The loss of 70% of all neurons in the mutant PGN primarily occurs at early postnatal stages via apoptosis, resulting in dramatically reduced size of PGN as early as P5. However, neuron loss does not appear to be a direct result of improper migration as many of the remaining dislocated neurons survive in the adult mutant PGN (Fig. 6) . In the rodent, the majority of mossy fiberextending neurons have been shown to project into the cerebellum to make synapses with granule cells during the perinatal and early postnatal period (Ashwell and Zhang, 1992) . Like many other axon-projecting neurons, they appear to require targetderived neurotrophic factors for survival because we can show that many PGN neurons die naturally in control mice during early postnatal stages when they would compete for granule cellderived survival factors (Fig. 7E) . Thus, there are at least two possible explanations for the increased cell death in the mutant PGN. These two possibilities are not necessarily mutually exclusive. First, there may be a reduced supply of neurotrophic factors from mutant cerebellar granule cells. This is likely because we have revealed a significant reduction of NT-3 expression in the mutant cerebellum. Second, loss of Barhl1 function may render PGN neurons nonresponsive to target-derived survival factors.
Although to date, little is known about the molecular mechanisms underlying the migration of precerebellar neurons, the existence of stereotyped migratory pathways followed by precerebellar neurons indicates that their migration may be under the regulation of specific guidance cues. Recent evidence implicates that some axon guidance molecules such as netrin-1 and its re-ceptor DCC play a role in the control of directional migration of precerebellar neurons (Alcantara et al., 2000) . However, the absence of Barhl1 does not appear to alter the expression of netrin-1 and its receptors in the brainstem or cause misrouting of mossy fibers (Fig. 8) (data not shown) . Thus, Barhl1 may regulate the expression of other unidentified signaling molecules to control proper migration of mossy fiber-extending neurons.
